Hyoscyamine is epoxidized to scopolamine via 6,6-hydroxyhyoscyamine in several solanaceous plants. 6,7-Dehydrohyoscyamine has been proposed to be an intermediate in the conversion of 6#-hydroxyhyoscyamine to scopolamine on the basis of the observation that this unsaturated alkaloid is converted to scopolamine when fed to a Datura scion. To determine whether a dehydration step is involved in scopolamine biosynthesis, 16-'8016j0-hydroxyhyoscyamine was prepared from I-hyoscyamine and '02 using hyoscyamine 6f6-hydroxylase obtained from root cultures of Hyoscyamus niger L. When 16-'8016,-hydroxyhyoscyamine was fed to shoot cultures of Duboisia myoporoides R. BR., the labeled alkaloid was converted to scopolamine which retained "O in the epoxide oxygen. It is concluded that 6,6-hydroxyhyoscyamine is converted in vivo to scopolamine without a dehydration step.
Previously, we (13) reported that hyoscyamine 6,B-hydroxylase from root cultures ofHyoscyamus niger L. not only hydroxylates various hyoscyamine analogs to their 6-hydroxyl derivatives, but also epoxidizes De-hyos to scopolamine. Thus, the conversion of De-hyos to scopolamine in the Datura scions (9) is apparently catalyzed by the hydroxylase. Nevertheless, the question is still open as to whether De-hyos is, in fact, an in vivo precursor of scopolamine. To examine this question, we made use of the fact that the proposed dehydration mechanism would result in release of the hydroxyl oxygen whereas an intramolecular epoxidation would not. We prepared [6-'8O] Hyos-OH from L-hyoscyamine and 1802 using the reaction catalyzed by hyoscyamine 6fl-hydroxylase. Shoot cultures of Duboisia myoporoides were chosen to accomplish the transformation since they are not only biosyn-' Abbreviation: Hyos-OH, 6 ,B-hydroxyhyoscyamine; De-hyos, 6,7-dehydrohyoscyamine; TMS-derivatives, trimethylsilyl derivatives. thetically capable but also do not accumulate alkaloids which would otherwise complicate quantitation. Analysis of the transformed scopolamine by GC-MS can reveal the presence or absence of 180 in the epoxide oxygen. An '60 epoxide oxygen would be expected if epoxidation by 6#-hydroxylase occurs via
De-hyos (scheme 1 in Fig. 1 ); '"0 should be retained if dehydration is not involved (scheme 2 in Fig. 1 ).
MATERIALS AND METHODS
Chemicals. '"02 (>99 atom %) was purchased from CEA, France. L-Hyoscyamine hydrobromide and scopolamine hydrobromide were obtained from Nakarai Chemicals, Kyoto. Hyos-OH hydrobromide was prepared using hyoscyamine 6#-hydroxylase from root cultures of Hyoscyamus niger L. (12) . De-hyos was synthesized by the method of Sharpless et al. (23) . Other chemicals were obtained as described previously (12) .
Root and Shoot Cultures. Culture conditions for root cultures ofH. niger L. have been reported elesewhere (12) . Shoot cultures ofDuboisia myoporoides R. BR. were initiated according to Endo et al. (6) and were subcultured on a Gyrotory shaker (model G 10-21, New Brunswick Scientific, Edison, NJ) at 100 rpm and 25°C under light (2,700-4,500 lux) in 100-ml flasks containing 25 ml of liquid B5 medium (10) supplemented with 3% (w/v) sucrose and 10 Mm 6-BA. In the feeding experiments, alkaloid solutions were neutralized with HCI when necessary and were sterilized by passing through 0.22 Am membrane filters. These were added to 10 ml ofthe above culture medium in 50-ml flasks to a final concentration of0.2 mm. The shoot cultures containing young leaves were inoculated in each flask and cultured under the above conditions.
Partial Purification of Hyoscyamine 6,8-Hydroxylase. Hyoscyamine 6t3-hydroxylase was partially purified from root cultures ofH. niger. The hydroxylase in the crude extract was precipitated between 60 and 80% saturation of (NH4)2SO4 and subsequently chromatographed on a DEAE-Toyopearl 650M column. The detailed purification procedure has been reported (13) . The partially purified enzyme preparation (about 23-fold in specific activity) was concentrated using Amicon YM-10 ultrafiltration membranes to a final volume of approximately 2 ml.
The conditions of the reaction and determination of enzyme activity have been reported (13) .
Preparation of 16-"8016i-Hydroxyhyoscyamine. [6- '8O]Hyos-OH was synthesized from L-hyoscyamine and 1802 by the partially purified hyoscyamine 6f3-hydroxylase. The reaction mixture contained in a total volume of 69 ml: 50 mM Tris-HCl buffer (pH 7.8), 0.4 mm ferrous sulfate, 4 mm sodium ascorbate, 1 mm 2-oxoglutaric acid, 0.4 mM L-hyoscyamine hydrobromide, 1 mg/ml catalase (C-10; Sigma), and the hydroxylase (8.8 n Kat). A 100-ml Erlenmeyer flask with a side arm, a rubber-stoppered injection port and a gas-introducing port on top, similar to the design of Hayaishi (15), was used for the reaction. The nonprotein components of the reaction mixture were placed at the with Silica gel 60 PF254. The chromatography and the subsequent extraction of the alkaloids from the plate were carried out as described previously (12) . Purified [6-'80Hyos-OH was neutralized with HC1 and used for the feeding experiment.
Alkaloid Analysis. Alkaloids were extracted and analyzed by GLC and GC-MS as described previously (14) . (Table I ). In the control experiment, these alkaloids were incubated without the shoot cultures; 100% ofthe added alkaloids were recovered from the culture medium and no degradation of these alkaloids occurred in the absence of plant cells. When no alkaloids were added, the Duboisia shoot cultures accumulated none ofthe four alkaloids. However, added hyoscyamine was converted to Hyos-OH and scopolamine, and Hyos-OH to scopolamine. It should be noted that we could not detect De-hyos in the cultures when either alkaloid was fed. The unsaturated alkaloid was transformed to scopolamine by the Duboisia shoot cultures. The transformation of these alkaloids proceeded only in one direction, from hyoscyamine to scopolamine; no products of the reverse reactions were detected. The metabolites of the added alkaloids were mainly found in the Figure 2 show that Hyos-OH isolated from the reaction mixture (Fig. 2B) has the parent ion of m/z 451 and a fragment ion of m/z 214, two mass/charge units higher than those corresponding ions in Hyos-OH (m/z 449 and 212, Fig.  2A Hyoscyamine 60-Hydroxylase. Hyoscyamine 6fl-hydroxylase, a 2-oxoglutarate-dependent dioxygenase, uses molecular oxygen for the hydroxylation of the substrate. The requirement of molecular oxygen for the hydroxylation reaction was previously demonstrated (12) , and the incorporation of 18Q from '02 into the hydroxyl oxygen (Fig. 2) provides further evidence for this requirement. The other atom of molecular oxygen is incorporated into succinate, the decarboxylation product of 2-oxoglutarate, in a reaction typical of those catalyzed by 2-oxoglutaratedependent dioxygenases (1) . Simultaneous incorporation of 1802 into a hydroxyl group and into succinate has been reported for two 2-oxoglutarate-dependent dioxygenases; y-butyrobetaine hydroxylase (20) and prolyl 4-hydroxylase (3) .
Biosynthesis of Scopolamine. Retention of "O during the in vivo conversion of Hyos-OH to scopolamine argues against the proposed biosynthetic pathway of scopolamine (17, 19) in which De-hyos is a precursor of scopolamine (scheme I in Fig. 1 ). The conversion of added De-hyos to scopolamine in the Datura scions (9) and in our Duboisia shoot cultures (Table I) is probably catalyzed by hyoscyamine 6f3-hydroxylase which can epoxidize
De-hyos to scopolamine (13) . That isolation of the unsaturated alkaloid from plants has not been reported, together with our inability to detect this alkaloid in precursor-fed Duboisia shoot cultures (Table I ), supports our conclusion that De-hyos is not involved in the biosynthesis of scopolamine.
With regard to stereochemistry of the reaction sequence, Leete and Lucast (18) reported that both tritium atoms in [N-methyl-'4C, 6fl,7,3-3H2]tropine were lost during conversion to scopolamine in Datura plants. Given that dehydration does not occur, these results can only be taken to imply that scopolamine must be formed in vivo by a cis-dehydrogenation of Hyos-OH (scheme 2 in Fig. 1 ). The dehydrogenation herein described is a unique reaction since all known epoxidations incorporate molecular oxygen into unsaturated compounds (2, 4, 5, 8, 16, 21, 22) . We are now searching for the enzyme(s) that converts Hyos-OH to scopolamine by a cis-dehydrogenation reaction.
